In this paper, boundary-layer flow-control technique via steady blowing for low-speed compressor cascade applications is investigated using an analytical model based on the integral method and computational fluid dynamics (CFD). The integral method is developed and used to investigate the effect of the momentum, the velocity magnitude, and the angle of the blowing flow on the behavior of the boundary layer. It is found that the change in the boundary layer momentum thickness across the blowing location is a linear function of the blown-flow momentum coefficient and a decaying function of the blownflow velocity ratio. For the case when the size of the blowing slot and the velocity magnitude of the blown-flow are kept constant and the blowing mass flow rate is increased by increasing the blowing angle, there is an "optimum" blowing angle that maximizes the benefit of the boundary layer blowing. This angle increases with increasing velocity ratio and reaches an asymptotic value of 45 deg. According to the model, the change in the momentum thickness across the blowing location is conveyed exponentially downstream; thus, a small change in the momentum thickness due to flow blowing can have significant effect downstream. The developed model is applied to the NACA-65-410 low speed cascade using CFD, and good agreement between theory and CFD is obtained.
Introduction
In axial flow compressors, the number of stages inside the compressor can be reduced, and more compact compressors with less weight can be designed if the pressure ratio per stage is maximized. However, since by its very nature a compressor decelerates the flow, there is an adverse pressure gradient inside the compressor, and maximum pressure rise per stage is limited by boundary layer separation. One way to prevent/delay flow separation and maximize the pressure rise across a compressor stage is to use active flow control techniques such as flow blowing. The idea of using blowing for boundary layer separation control in external flows is an old concept, and it is proven to be successful (e.g., Lachmann [1] ). For turbomachinery application, however, this concept is an emerging technology and several research groups have begun exploring it. Fottner [2] developed a semi-empirical calculation method for the design of blowing configuration in highly-loaded compressor cascades. He showed that the operating range of the cascade could be significantly increased if the injected flow has enough energy to completely remove boundary layer separation. Culley et al. [3] applied steady and unsteady blowing to the suction surface of stator vanes in a low-speed axial compressor. The study indicated that a reduction in exit total pressure loss on the order of 25% could be achieved using an injected flow equivalent to 1% of the compressor throughflow. Kirtley et al. [4] designed and tested a full annulus fluidic flow-controlled compressor stator ring in the third stage of a four-stage low-speed research compressor. They showed that if 1% of the compressor mass flow is injected, the vane count on the stator can be reduced by 30% without degradation in the pumping characteristic of the compressor. Vorreiter et al. [5] computationally investigated a stator with active flow control for a high speed compressor using a Coanda surface with upstream flow injection. Their study showed the concept to be effective for achieving higher aerodynamic loading of a compressor stator. Nerger et al. [6] applied active flow control by means of endwall and suction side blowing to a highly loaded linear stator cascade, which is characterized by significant suction side boundary layer separation and secondary flow at baseline conditions without blowing. They found flow blowing to be effective in increasing the static pressure rise for a wide range of operating points and decreasing the total pressure loss for some of the operating points.
Although the studies mentioned above showed that flow blowing can be used for boundary layer control in turbomachinery, during our literature search we could not find an analytical model that shows the effects of blowing parameters like momentum, velocity magnitude, and injection angle of the blowing flow on the behavior of the boundary layer, especially for the case when the effect of each parameter is investigated by varying one parameter at a time. The objective of this study is to investigate boundary-layer flow-control technique via steady blowing for low-speed compressor cascade applications using an analytical model based on the integral method and computational fluid dynamics. The integral method will answer the following questions:
(1) How the blowing parameters like momentum, velocity magnitude, and injection angle of the blowing flow affect the change in the behavior of the boundary layer across the blowing location? (2) What is the relation between the change in the boundary layer parameters across the blowing location and the boundary layer parameters downstream toward the trailing edge of the cascade?
Once the answers for the above questions are found, CFD will then be used to confirm the findings. A detailed validation of the CFD method with test data is also included in the study, showing
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that the selected computational tool (code, solver, model, mesh topology, and mesh density) is reliable and can be used to investigate boundary layer blowing in the cascade.
Although the work in this paper is mainly about the use of boundary layer blowing for low speed applications, active flow control techniques such as blowing as well as suction are also investigated in supersonic and transonic compressors. Theoretical, experimental, and computational work [7] [8] [9] [10] [11] available in the literature showed that, when used in high speed compressors, active flow control techniques not only improve the performance of the compressor by controlling boundary layer separation but also by placing/stabilizing the location of the passage shock.
Analytical Model for Boundary Layer Blowing
In this section, an analysis based on the integral method for a boundary layer with flow blowing is presented. The method shows the effect of the flow blowing on the behavior of the boundary layer. In particular, the effect of the momentum, the velocity magnitude, and the angle of the blowing flow on the development of the boundary layer are investigated.
2.1 Control Volume Analysis at Blowing Station. We start with the control volume analysis for the flow situation shown in Fig. 1 . In the figure, blowing is applied uniformly between stations (1) and (2) , and the conditions of the blowing flow are represented by the subscript (B). For this control volume, assuming that both the main flow and the blowing flow are incompressible and have the same density, the mass and the momentum conservation equations can be written as
Equation (1) can be simplified as
By setting u i as the free stream velocity at the edge of the boundary layer, the boundary layer displacement thickness d Ã , the momentum thickness h, and the shape parameter H, can be defined as follows:
For any streamline outside the boundary layer, the Bernoulli equation can be written as dp dx
Substituting Eqs. (3)- (7) into Eq. (2) and assuming that h is larger than the boundary layer thickness so that ðu h;x ¼ u i Þ and ðs h ¼ 0Þ, the following equation is obtained:
For the case where blowing is applied uniformly across the slot, the gradient of the velocity in the y direction is small right at the interface between the blowing flow and the main flow, and hence the friction force is negligible. Also, in the presence of flow blowing, the second term on the right hand side of Eq. (8) is significantly smaller in magnitude compared to the second term on the left hand side, and it can be neglected. Taking into consideration these two conditions, Eq. (8) reduces to
For a small slot size, Eq. (9) can be integrated across the slot, yielding
where Dx is the width of the blowing slot. Equation (10) can be nondimensionalized as
where c is the reference length (e.g., blade chord). Defining the momentum coefficient as the ratio of the blowing-flow momentum flux to the free-stream momentum flux based on the chord length (c) in the form
Eq. (11) can be written as
Equation (13) states that the change in the momentum thickness across the blowing location is a function of the momentum Transactions of the ASME coefficient C l , the velocity ratio ðu B =u i Þ, and the flow blowing angle a. The following conclusions can be drawn from Eq. (13):
(1) The momentum thickness across the blowing station will decrease only if the value of the forward velocity component of the blown flow, i.e., ðu B cos aÞ, is larger than the value of the free stream velocity ðu i Þ. If the free stream velocity is higher than the forward velocity component of the blown flow, then blowing will cause the momentum thickness to increase across the blowing station. (2) If the forward velocity component of the blown flow is higher than the free stream velocity, then for a constant blowing angle and blowing velocity, the reduction in the momentum thickness across the blowing location varies linearly with increasing momentum coefficient (see Fig. 2 ). (3) For constant momentum coefficient and blowing angle, the higher the velocity of the blown flow relative to the free stream velocity, the higher the reduction in the momentum thickness across the blowing location. However, as it is seen from Fig. 3 , the relation is not linear. In particular, the magnitude of the velocity ratio ðu B =u i Þ is less effective at large values. Note that although, for a fixed blowing mass flow rate, one can increase the magnitude of the blowing velocity by reducing the flow area, the total pressure of the blown flow must also be increased, possibly resulting in higher system performance penalty.
Using Eq. (13), the effect of the blowing angle on the change in the momentum thickness across the blowing station can be explained as follows:
(1) Consider the case where the blowing angle is varied while the blowing velocity magnitude and the blowing slot size are kept constant. Note that a practical problem corresponding to this case is when the total pressure of the blowing flow is fixed (and hence u B is fixed). Since the slot size and the blowing velocity magnitude are constant, increasing the blowing angle will increase the amount of the blown flow at the expense of the momentum flux in the free stream direction. For this case, change in ðDhÞ with varying blowing angle is plotted in Fig. 4 . It is seen from the figure that for every velocity ratio greater than 1 ðu B > u i Þ, there is a different angle of blowing that maximizes the reduction in the momentum thickness across the blowing station. For the cases shown in Fig. 4 where ðu B =u i Þ ranges between 1.5 and 2.5, the optimum blowing angle is between 25 deg and 35 deg. To find the blowing angle that maximizes the reduction in the momentum thickness across the blowing station, one can differentiate Eq. (10) with respect to a, yielding
Setting the right-hand-side of Eq. (14) to zero, the resulting equation is
Solving for the velocity ratio ðu B =u i Þ as a function of blowing angle a that corresponds to the condition of optimum reduction in momentum thickness, one arrives at the following relation:
Equation (16) is plotted in Fig. 5 . As it is seen from the figure, the blowing angle that maximizes the reduction in the momentum thickness across the blowing station increases with increasing velocity ratio, and it is around 38 deg for the velocity ratio ðu B =u i Þ of 3. In the figure, results for velocity ratios bigger than 3 are not plotted since for boundary layer control applications, the velocity ratio will most likely not exceed this value. The figure also indicates that the curve has an asymptotic behavior, and from Eq. (16), one can find the asymptotic value for the curve to be 45 deg. (2) For the case where the momentum and the velocity magnitude of the blown flow (and hence the mass flux of the blown flow) are constant, the optimum blowing angle that will yield the highest decrease in the momentum thickness across the blowing station can be found by differentiating 
The value of a that makes Eq. (17) zero is 0 deg. Thus, for the case where the mass, the velocity magnitude, and the momentum of the blown flow are constant, the lower the blowing angle, the higher the change in the momentum thickness across the blowing station. This can also be seen from Fig. 6 where the change in the momentum thickness across the blowing location is plotted against the blowing angle for the case where the velocity magnitude, the momentum, and the mass of the blown flow are all constant but the blowing angle is changing. Keep in mind that, for the constant velocity magnitude of the blowing flow, to keep the mass flux and hence the momentum flux of the blowing flow constant, the size of the blowing slot is varied as the blowing angle changes.
Effect of Flow Blowing on the Downstream
Development of the Boundary Layer. Merchant [13] presented an elegant analysis showing the effect of flow suction on the downstream development of the boundary layer in his study of managing boundary layer separation in aspirated compressor stages. In the analysis, he showed that the change in the momentum thickness across the suction slot is "magnified" by an exponential function as it propagates downstream.
In this section, we follow the analysis of Merchant [13] to investigate the effect of flow blowing on the downstream development of the boundary layer. The analysis starts with the integral momentum equation for the boundary layer
which can be written in differential logarithmic form as
Defining station (2) as the station right behind the blowing location, and x as any arbitrary station downstream of the blowing location ( Fig. 7) , Eq. (19) can be integrated between station (2) and x, yielding
Equation (20) is an approximate integration of Eq. (19) since the ðhÞ term on the right-hand-side of Eq. (19) is assumed to be independent of the ðhÞ term on the left hand side of the same equation. Without blowing, the momentum thickness at the same x location would have been
The difference between Eqs. (20) and (21) is the change in the momentum thickness at the x location because of blowing, which is
In Eq. (22), Dh is the change in momentum thickness across the blowing location. Equation (22) shows that the change across the blowing slot is "magnified" by an exponential factor. Thus, a small change in the momentum thickness across the blowing location can cause a larger change in the momentum thickness downstream of the blowing location. This behavior will be observed shortly when CFD results of flow blowing applied to the NACA-65-410 cascade are presented.
Application of the Integral Method to NACA-65-410 Cascade
NACA-65 series cascades are widely used as representation of low-speed axial compressor blades. In this study, the NACA-65-410 cascade is selected to investigate the effects of boundary layer blowing on the control of flow separation and performance improvement of compressor cascades. The investigation is carried out using computational fluid dynamics.
A CFD validation study will be done first to show that the selected computational tool (code, solver, model, mesh topology, and mesh density) is reliable and can be used to investigate Transactions of the ASME boundary layer blowing for the cascade. In particular, the CFD tool must be able to predict the loss bucket since this is of primary interest. Note that loss is much harder to predict than overall flow turning. The applicability of the results obtained from the integral method presented in Sec. 2 to cascade boundary layer control via blowing will be investigated next. Finally, a loss model based on entropy generation is presented that accounts for irreversibility both due to mixing process and the viscous losses across the cascade. The model presents the "lost work" due to flow blowing, and can be used to evaluate the real benefit of boundary control via flow blowing.
CFD Validation Study.
The important geometrical parameters of the NACA-65-410 cascade are shown in Fig. 8 . In the figure, the stagger angle, which is the angle between the chord of the cascade and the horizontal direction, is denoted by ðnÞ. The angle between the flow direction and the horizontal direction is defined as ðbÞ. The angle of attack, which is the difference between the flow angle and the stagger angle, is given as ðcÞ. The difference between the flow angles at the leading and the trailing edge of the cascade is the turning angle, which is defined as
The NACA-65-410 cascade selected for this study has a stagger angle of 38.9 deg and a solidity (c/s) of 1. The design flow inlet angle is 45 deg, which gives the design angle of attack of 6.1 deg. The velocity of the flow at the inlet is 29 m/s, and the chord of the cascade is 0.127 m. The Reynolds number based on the inlet velocity and the chord of the cascade is 245,000. An experimental study by Emery et al. [14] showed that, in the absence of the boundary layer control, the operating angle of attack range for the selected cascade is between 0 deg and 14 deg.
Computational studies are performed using the commercial CFD code FLUENT [15] , which solves the 3D Reynoldsaveraged Navier-Stokes equations on an unstructured grid using the finite-volume method. Pressure based implicit solver and SIM-PLE algorithm for pressure velocity coupling are selected and simulations are performed using the standard discretization for pressure and second order upwind discretization for the momentum and turbulence parameters. Convergence criteria are set to be 10 À6 for all parameters. All calculations are done using the steady solver. We note that the case with highest angle of attack simulated in this study is 17.1 deg. At this high angle of attack, although the flow is separated, it is not massive enough to completely stall the cascade, and thus the assumption of steady flow is valid. The turbulence models tested are Spalart-Allmaras, standard k-e with enhanced wall treatment, standard k-x, and v2f.
The boundary conditions used for the CFD simulation are given in Fig. 9 . At the inlet station, the velocity and the direction of the flow are defined. The static pressure is set to be equal to atmospheric pressure at the exit station. Consistent with the experimental data, turbulence intensity at the inlet is selected to be 0.4%, and the length scale is selected to be 1.3 mm. Only one blade passage is simulated and periodic boundary condition is used to represent the periodicity in the flow. Constant air density of 1.225 kg/m 3 is used for all simulations. Sensitivity of the results to the space between the blade leading edge and the inlet station and the blade trailing edge and the exit station is investigated, and it is found that locating the inlet and the exit domains one blade chord away from the solid walls is adequate to eliminate the interaction between the boundaries and the blade wall.
The meshing technique used for the CFD simulation is also given in Fig. 9 . To capture the viscous sublayer in the boundary layer, all turbulence models employed here require yþ to be less than 1. Therefore, a hybrid mesh, which uses structured mesh close to the walls and triangular mesh everywhere else, is used. A mesh independence study is done for all turbulence models. The parameter that is checked to see whether the solution is meshindependent or not is the pressure loss coefficient x defined as [16] x P 0i À P 0e 1 2 qu
where P 0i and P 0e are mass averaged total pressure at the inlet and the exit locations, respectively, and u i is the inlet velocity. This parameter is selected because it is related to the losses inside the boundary layer, and the mesh independent loss coefficient would show that the resolution of the mesh is adequate. The grid used here starts with the size that is 1% of the chord on the blade surface and gradually expends to the size that is 6% of the chord on the periodic, inlet, and exit boundaries. The resultant mesh has 15,000 cells, and it is fine enough to yield mesh independent solution for all turbulence models. We note that, to ensure a mesh independent solution, calculations for some selected cases are also performed with 30,000 cells, and the change in the loss coefficient is found to be negligible, less than 1%. Figure 10 shows the experimental data taken from Ref. [14] and the CFD results for the loss coefficient and the turning angle, as predicted by the Spalart-Allmaras, standard k-e with enhanced wall treatment, standard k-x, and v2f turbulence models. We note that the results presented in the figure are for the cascade without boundary layer blowing. The figure shows that in the operating range 0 deg < c < 14 deg, all turbulence models predict the turning angle quite well. However, none of the models predict the loss coefficient accurately in the operating range except the v2f model. In the operating range, the difference between the experimental loss coefficient and the loss coefficient obtained from CFD using the v2f model is less than 10%. The other models over-predict the loss coefficient by a factor of 2 to 3. Therefore for the rest of study the v2f model will be used.
The v2f model is a k-e based turbulence model; however, it incorporates near-wall turbulence anisotropy and nonlocal pressure-strain effects by solving two extra turbulence quantities: v 2 , the wall normal Reynolds stress component and f, the elliptic relaxation equation. This model is valid all the way to the wall, and it does not require the use of wall functions or damping functions. Further, the model includes some constraints in order to prevent nonrealizability of the solution, especially in the stagnation region. The ability of the model to incorporate turbulence anisotropy and nonlocal pressure strain effects and to prevent nonrealizability of the solution appear to make the model successful in predicting wall bounded flows like flows in turbomachinery components. There are multiple studies in the literature showing the success of the model in predicting a wide class of flows, including internal flows with separation [17] and flow in turbomachinery components [18, 19] . More information on this model can be found in Durbin and Pettersson-Reif [20] .
Applications of Theory for Boundary Layer Blowing.
In this section, using computational fluid dynamics, we will confirm the theoretical results presented in Sec. 2 by applying blowing to the NACA-65-410 cascade. CFD results for the cascade without boundary layer blowing show that when the angle of attack is 17.1 deg, flow separation occurs (Fig. 11) , and the loss coefficient is 2.5 times higher than the value of the loss coefficient at the design condition. Therefore, this angle-of-attack is selected for confirmation of the theory.
To investigate the effectiveness of boundary layer blowing, the change in the momentum thickness across the blowing location as well as the change in the momentum thickness on the suction surface of the cascade at the trailing edge are monitored. For calculation of the boundary layer parameters, the edge of the boundary layer is selected to be at the location where the total pressure is 99% of the main flow total pressure. More information on the calculation of the boundary-layer parameters can be found in Sarimurat [21] .
To apply blowing, we first need to decide on the location of blowing. A study by Fottner [2] showed that if blowing is applied Transactions of the ASME too far upstream of the separation point, then by the time it reaches the separation point, the blown flow has lost most of its momentum through diffusion. On the other hand, if blowing is applied behind the separation point, there will not be sufficient mixing between the boundary layer and the blown flow and the boundary layer will not obtain sufficient energy to reattach to the surface. Thus, the optimum blowing location is the region just upstream the separation point. For the NACA-65-410 cascade at 17.1 deg angle-of-attack, separation occurs at 45-50% of chord measured from the leading edge. Therefore, the blowing location is selected to be at 35% chord. A study by Sarimurat [21] showed that flow blowing can be modeled with good accuracy as flush boundary conditions on the surface, without the use of a slot. In accordance with the study, flow blowing is modeled as flush boundary. The mesh and the boundary conditions used for the flush boundary are shown in Fig. 12 . As seen from the figure, the velocity magnitude u B and direction of the flow blowing a are defined as boundary conditions. The sensitivity of the solution to the number of cells in the blowing hole was performed, and it was found that at least eight cells are required to have mesh-independent solution. In addition, mesh clustering is applied close to the blowing location to accurately capture the interaction with the main flow and the blowing flow. Figure 13 (symbols) shows the effect of the blowing momentum coefficient on the change in the momentum thickness across the blowing location, along with the change in the momentum thickness at the trailing edge for the case where the blowing angle and the velocity magnitude of the blown flow are kept constant at a ¼ 35 deg and u B ¼ 58 m=s, respectively, but the momentum of the blown flow is changed by changing the size of the blowing slot. Note that blowing velocity of u B ¼ 58 m=s corresponds to a velocity ratio ðu B =u i Þ of 2. Figure 14 (symbols) shows the change in the momentum thickness across the blowing location and the change in the momentum thickness at the trailing edge as a function of varying velocity magnitude of the blowing flow for the case where the blowing angle and the momentum coefficient are constant (which can be done by varying the total pressure of the blowing jet).
The theoretical results shown in Figs. 13 and 14 are obtained from Eq. (13) . Both figures show that the CFD results (open symbols) and the theoretical results (solid lines) agree reasonably well both on trend and magnitude for the change in the momentum thickness across the blowing location. Although the CFD results give 15-20% higher reduction in the momentum thickness across the blowing location, the agreements in the trend are excellent. In particular, both the theory and the CFD results predict a linear behavior in the (Dh /c) versus C l curve (Fig. 13) , and a decayingfunction behavior in the (Dh /c) versus ðu B =u i Þ curve (Fig. 14) . It is also seen from the figures that the change in the trailing edge momentum thickness is significantly larger than the change in the momentum thickness across the blowing station. This can be explained by Eq. (22), which shows that the decrease in the momentum thickness across the blowing station is "magnified" downstream the blowing location. Thus, a small change in the momentum thickness across blowing location causes a larger decrease in the momentum thickness at the trailing edge. The results presented in Figs. 13 and 14 are similar to the results presented by Merchant [13] , where the effects of boundary layer suction on the downstream development of the boundary layer were investigated.
The theory developed in Sec. 2 showed that for the case where the size of the slot and the velocity of the blown flow are constant, there is an optimum blowing angle that maximizes the reduction in the momentum thickness across the blowing station. According to the theory, this angle is a function of the velocity ratio and it is about 35 deg when the velocity ratio is 2. In Fig. 15 , the change in the momentum thickness across the blowing location and the change in the momentum thickness at the trailing edge are shown as a function of the blowing angle. The size of the slot is kept constant and the velocity ratio ðu B =u i Þ is chosen to be 2. The figure shows that the reduction in the momentum thickness, both across the slot and at the trailing edge, is maximum at around a ¼ 35 deg, which is in excellent agreement with theory. Figure 16 shows the effect of blowing angle on the change in momentum thickness across the blowing slot and at the trailing edge for the case where the mass, momentum, and velocity magnitude of the blowing flow are constant. It is seen from the figure that CFD predicts the reduction in the momentum thickness, both across the slot and at the trailing edge, to be highest when the blowing angle is lowest. This finding is in agreement with the theory.
Loss Analysis.
Although the main objective of this study is to investigate the effect of the blowing flow parameters on the change in the behavior of the boundary layer, and in particular the boundary layer momentum thickness, it is also important to discuss the losses associated with the boundary layer blowing. In the literature, there are different approaches for evaluating the penalty due to flow injection for boundary layer control (e.g., Brocher [22] and Bae et al. [23] ). In this study, we present a loss model based on the entropy generation. Such a model is believed to be appropriate for quantifying the real benefit of the boundary layer blowing since the model will provide the "lost work" by accounting for the irreversibilities due to both the mixing process and the viscous losses across the saccade. For a loss model based on the entropy generation, one can start with the entropy rate balance for the control volume shown in Fig. 17 , which can be written as [24] 
In the above equation, s is the entropy, and s irrev is the entropy generation due to irreversibilities. This equation can be rearranged in the form
where r is the entropy generation per unit mass of the inlet flow. For flow blowing application presented in this study where both the main flow and the blowing flow are incompressible and the stagnation temperature for both streams is the same, Eq. (26) yields
Equation (27) can be used to evaluate the losses associated with the boundary layer blowing. We now present an example that makes use of this equation. We again select the case where flow blowing is applied to control the boundary layer on the NACA 65-410 cascade at 17.1 deg angle of attack. As before, the blowing location is selected to be at 35% chord, the blowing angle is selected to be 35 deg, and the blowing velocity is taken to be 58 m/s corresponding to a velocity ratio ðu B =u i Þ ¼ 2. A slot size of 0.00066 m (or 0.52% of the chord) is selected. For this slot size, the amount of the blowing comes out to be 0.8% of the design point main flow rate, and the momentum coefficient is 0.024. Figure 18 shows pathlines around the NACA 65-410 cascade obtained from CFD. Results are shown for the cascade at 6.1 deg angle of attack without boundary layer control, and at 17.1 deg angle of attack with and without boundary layer control. The entropy generation obtained from Eq. (27) is also shown in the figure. As one can see from the figure, for the design point (6.1 deg angle of attack), flow is completely attached, and the normalized entropy generation ðrT 0 =u 2 i Þ is 0.0074. As the angle of attack increased to 17.1 deg, flow separation occurs, which causes an increase in the loss. For this case, the normalized entropy generation is 0.0182. For the same angle of attack, flow separation can be prevented by applying 0.8% blowing, and the normalized entropy generation for this case is 0.0152. Although this entropy generation is larger compared to the design point, it is smaller than the same case without boundary layer blowing, and hence this amount and configuration of flow blowing is beneficial since it prevents the flow separation and also reduces the losses. Transactions of the ASME
Conclusion
An integral method for boundary layer control via steady blowing in the low speed flow regime is developed and is applied to the NACA-65-410 cascade using computational fluid dynamics. Key results from the study are:
(1) The momentum thickness across the blowing station will decrease only if the forward velocity component of the blown-flow is larger than free stream velocity. (2) For a constant blowing angle and blowing velocity magnitude, the reduction in the momentum thickness across the blowing location varies linearly with increasing momentum coefficient. (3) For constant momentum coefficient and blowing angle, the higher the velocity of the blown-flow relative to the free stream velocity, the higher the reduction in the momentum thickness across the blowing location. However, the relation is not linear. In particular, the magnitude of the velocity ratio ðu B =u i Þ is less effective at large values. (4) If the size of the blowing slot and the velocity magnitude of the blown flow are kept constant, and the amount of blowing is increased by increasing the blowing angle, there is an "optimum" angle that maximizes the decrease in the momentum thickness across the blowing station. This angle is a function of the velocity ratio and reaches an asymptotic value of 45 deg. (5) If blowing is applied in such a way that the velocity magnitude, the momentum, and hence the amount of the blown flow are constant, the highest decrease in the momentum thickness across the blowing station is obtained when the blowing angle is smallest. (6) The change in the momentum thickness across the blowing location obtained from CFD agrees reasonably well with the theoretical results. Also, both theory and CFD results show that the change in trailing edge momentum thickness is an exponential function of the change in the momentum thickness across the blowing location. (7) A loss model based on the entropy generation is presented that accounts for irreversibilities due to both the mixing of blowing flow with the main flow, and viscous losses across the cascade. This loss model can be used together with the integral method presented in the study to find the optimum blowing configuration that prevents flow separation and yields the least amount of lost work.
